The evolution of stingrays (Myliobatiformes) is assessed using a new phylogeny with near-complete genus-level sampling, and additional molecular data. Stingrays diversified into three primary clades: (A) river stingrays, round rays and typical stingrays, (B) butterfly rays and stingarees and (C) eagle and manta rays. The enigmatic sixgill and deepwater rays (Hexatrygon and Plesiobatis) are not basal stingrays, but are part of the second clade. There is extensive clade-specific variation in molecular evolutionary rates across chondrichthyans: the most appropriate (autocorrelated) divergence dating methods indicate that the extant stingray radiation commenced in the late Cretaceous and continued across the K-Pg boundary. This is highly consistent with the fossil record, and suggests that Cretaceous stingrays, being primarily benthic taxa, were less affected by the K-Pg event than taxa inhabiting the water column. The largest pelagic radiation of stingrays (myliobatids: eagle and manta rays) evolved very shortly after the K-Pg boundary, consistent with rapid ecological expansion into newly-vacated pelagic niches.
Introduction
Stingrays (Myliobatiformes) are one of the most species-rich (>200) clades of cartilaginous fish (Chondrichthyes), with many economically and medically relevant taxa, and considerable ecological diversity and importance (e.g. marine and freshwater, benthic macropredators and pelagic filterfeeders). Their monophyly is robustly supported by extensive molecular sequence data (e.g. Aschliman et al., 2012a) and numerous evolutionary novelties (such as the caudal sting, and loss of ribs: Carvalho et al., 2004) . However, relationships between the major groups (~10 families) of stingrays remain uncertain, in contrast to the rest of the generally well-resolved chondrichthyan tree (Aschliman et al., 2012a) . Molecular genetic analyses have not robustly resolved the affinities of the long-branch taxon Hexatrygon, while the monophyly of several genera (e.g. Dasyatis, Himantura sensu stricto) remains relatively untested.
The tempo of stingray diversification also requires further investigation. The earliest well-supported crown myliobatoids occur in the late Cretaceous (~70Ma: Claeson et al., 2010) , and the first taxa described from relatively complete fossils are not known until Eocene (Carvalho et al., 2004) . In contrast, molecular divergence dating suggests the crown-clade radiated substantially earlier (~87-104 Ma: Aschliman et al., 2012a) .
Here, we present a taxonomically and genetically expanded analysis of stingray diversification, with relaxed-clock analyses that account for the substantial clade-specific rate variation. Our enlarged molecular analysis is more congruent with the fossil data, with both sources of evidence suggesting that crown stingrays diversified shortly before the K-Pg bolide impact and were not greatly affected by the resultant extinctions, radiating immediately afterwards into vacated pelagic niches.
Materials and methods
Taxon sampling. Taxon sampling included 97 chondrichthyan species including 48 stingrays (adding 54 new taxa in total to the matrix of Aschliman et al., 2012a) . The new matrix includes all stingray genera except one from the Myliobatidae (Aetomylaeus) and two from the Pomatotrygonidae (Paratrygon and Plesiotrygon). We sequenced partial gene fragments of mitochondrial ND4 (705bp; 51 taxa), nuclear RAG1 (1418bp; 22 taxa) and one new locus, nuclear POMC (800bp; 71 taxa). PCR primer details for each locus are presented in table 1. Voucher information and GenBank accession numbers for all the taxa included in the analysis are available in supplementary table S1.
Alignment. The additional ND4 and RAG1 sequences were aligned against the alignment blocks provided in Aschliman et al., (2012a) . POMC sequences were aligned using MAFFT v6.587b (Katoh and Toh 2008) and the alignment refined by eye. The full alignment (with MrBayes partitioning and MCMC commands) is available as supplementary Appendix 1.
Phylogenetic Analyses. The alignment was analysed using MrBayes v3.2.1 (Ronquist et al., 2012) , using relaxed-clock (dated) and clock-free (topology only) methods. The optimal partitioning scheme and substitution models were selected using the Bayesian Information Criterion in PartitionFinder (Lanfear et al., 2012) . The relaxed-clock dated analyses used internal calibrations similar to calibrations 1-9 in Aschliman et al. (2012a) ; these were employed as offset exponentials using the same hard minimum and soft 95% maximum.
However, the root age constraint (chondrichthyans: holocephalan-elasmobranch divergence) was substantially reinterpreted. Recent molecular phylogenetic analyses (Inoue et al. 2011 , Licht et al. 2012 found crown ages of ~421 and ~413 Ma respectively for crown chondrichthyans, but this could have been influenced by their hard minimum on this divergence of 410 Ma. The hard minimum was based on Coates and Sequiera (2001) , who provisionally accepted the attribution of Stensioella to Holocephala and thus to crown Chondrichthyes. However, the phylogenetic affinities of Stensioella are highly contentious and it could be a placoderm, i.e. not a holocephalan at all (e.g. Long 2011). Phylogenetic affinities of other putative early holocephalans (e.g. Melanodus: Darras et al. 2008) are similarly equivocal. In fact, the oldest uncontroversial chondrichthyan, based on articulated remains, is the same age as Stensioella (Miller et al. 2003) , and this is a stem rather than a crown chondrichthyan (Davis et al. 2012) , and so lies outside the root node in our tree.
A more conservative interpretation of the elasmobranch fossil record indicates that robust fossil evidence for crown chondrichthyans, i.e. the root node of our tree, extends only to 300my: "crown chondrichthyan neurocranial specializations can be traced back to at least the Upper Carboniferous (300 Mya) (e.g., Iniopera for euchondrocephalans and Tristychius for euselacians). Stem holocephalans can be traced back to at least the Upper Carboniferous, while stem neoselachians can be traced back to either the Late Permian (250 Mya) based on MrBayes enforces monophyly of calibrated nodes, but these nodes were all generally obtained with high support in the (topologically unconstrained) clock-free analyses (see below). The TK autocorrelated relaxed clock (Thorne and Kishino 2002) was used, as it was strongly favoured by stepping-stone analyses (Ronquist et al., 2012) over both the uncorrelated relaxed clock (igr) or strict clock (Bayes Factor comparsion sensu Kass and Raftery 1995) . Because saturation of fast-evolving sites can distort divergence times by compressing basal nodes (e.g. Soubrier et al. 2012) , the dating analyses were performed with (1) the entire nuclear and mitochondrial data, (2) with mtDNA third codon positions deleted, and (3) with all mtDNA deleted (i.e. nuclear only).
Analyses employed 4 runs (each with 4 chains -1 cold and 3 heated), with 40 million steps, sampling every 4000, with a burnin of 20% confirmed as adequate (sampled topologies were essentially identical across runs with standard deviation of clade frequencies ~0.01 or less; samples for numerical parameters were also essentially identical, with variance between vs within runs approaching unity (Ronquist et al., 2012) . The majority-rule consensus tree was obtained from the combined post-burnin samples.
Results and discussion
The dated ( fig. 1) and undated (fig. 2) analyses with the nuclear and mitochondrial data (first and second codons) retrieved very similar tree topologies. Support values from the dated analysis are mentioned below; however, all relationships discussed are also found in the undated analysis, and in analyses with all nuclear and mitochondrial data or only nuclear data. These phylogenetic conclusions are thus robust to methods used and to data subsampling.
Relationships between the major clades of chondrichthyans are similar to those found recently based on molecular data (Aschliman et al., 2012a) , as expected due to overlapping genes used; many are also highly concordant with morphological evidence (Aschliman et al. 2012b) . As with the previous study, monophyly of batoids ( fig. 1 clade A) , skates, thornbacks+electric rays, and stingrays is supported; guitarfishes form two clades on the stingray stem, with sawfishes nested within one of these clades; and panrays are the sister group to stingrays. Relationships within stingrays (fig 1 clade A) , however, are now resolved more robustly: the following relationships have posterior probabilities of 1.0. Stingrays form three primary clades ( fig.1 ), (C) potamotrygonids (river stingrays), urotrygonids (round rays) and dasyatids (typical stingrays, whiptail rays, etc.), (D) Hexatrygon (sixgill stingray), gymnurids (butterfly rays), urolophids (stingarees) and Plesiobatis (deepwater stingray), and (E) myliobatids (eagle and manta rays), in agreement with Naylor et al., (2012) . Within the myliobatid clade, Aetobatus is recovered as sister to all other sampled myliobatids. In contrast, previous work weakly retrieved Hexatrygon and Plesiobatis as basal stingrays (Aschliman et al., 2012a ) and molecular and morphological analyses recovered Aetobatus as nested within myliobatids (reviewed in Aschliman, 2014) .
The monophyly of several genera is refuted or at least questioned. "Himantura" schmardae (which often enters freshwater) is again confirmed (pp=1.0) as related to neotropical freshwater stingrays (fide Lovejoy, 1996; Aschliman et al., 2012; Naylor et al., 2012) , and distant from other dasyatids including other (core) Himantura. Core Himantura and Dasyatis are again also both strongly inferred to be paraphyletic (i.e. grades) (Naylor et al., 2012) ; each has an apomorphic, monotypic genus (Urogymnus and Pteroplatytrygon respectively) nested inside with high support (PP>0.95). Mobula is also inferred to be paraphyletic with respect to Manta, in agreement with recent morphological and molecular studies (Aschliman, 2011; Naylor et al., 2012; Poorvliet et al., 2015) but with lower support.
The branch lengths from the undated analyses of elasmobranchs ( fig. 2 ) suggested extensive rate variation that is phylogenetically autocorrelated (related species tend to share similar rates) and consequently the autocorrelated TK model (Thorne and Kishino, 2002 ) was a better fit than the uncorrelated IGR model. All the dated analyses using the preferred TK model retrieved similar divergence dates within stingrays (table 2); discussion will focus on the tree from the nuc+mt data excluding mt third codons ( fig. 1 ), but other subsets of the data produced qualitatively the same results. The major clades of batoids diverged 200-140Ma. Stingrays diverged from their sister group (Zanobatus, panrays) ~147Ma, but do not diversify until about ~76Ma. Table 2 . Age of various clades of rays based on autocorrelated relaxed clock (TK) analyses of three different subsets of the molecular data: all nuclear and mitochondrial, nuclear and mitochondrial first & second codons only (tree in Fig. 1 This long stem lineage leading to a much younger crown radiation is consistent with (a) low diversity throughout the Cretaceous, with diversification only occurring shortly before the K-Pg boundary. However, it could also be generated even with high diversities throughout the Cretaceous, if (b) the endCretaceous mass extinctions (~66Ma) extinguished many archaic stingrays, leaving only a few closely-related lineages to cross the Paleogene boundary, or (c) continuously high speciation and extinction rates throughout the Cretaceous generated high taxon turnover (e.g. Crisp and Cook, 2009; Rabosky, 2010) . These scenarios can be difficult to test using only molecular phylogenies, and are better tested against the fossil record (Rabosky, 2010) , which is most consistent with scenario (a). Throughout most of the Cretaceous, stingrays are neither abundant nor diverse, and taxa robustly assigned to the crown-clade (i.e. using quantitative methods) are first known in the late Cretaceous, when several taxa appear simultaneously (Claeson et al., 2010) . There is no major drop in stingray diversity at the K-Pg boundary, with fossils suggesting Myliobatis actually survived across the boundary (e.g. Claeson et al., 2010; Guinot et al., 2012) . Scenarios (b) and (c), in contrast, entail a very different fossil pattern, predicting the existence of numerous morphologically and taxonomically diverse archaic (stem) stingrays which suffer extinction either at the K-Pg boundary (b) or throughout the Cretaceous (c).
The retrieved dates are broadly consistent with previous work (e.g. Aschliman et al. 2012a ), again expected due to overlapping genes and calibrations. There are some notable differences, however. Diversification within skates (Rajiodea) is more recent (~50Ma cf ~80Ma). Also, the late Cretaceous (~76Ma) radiation of crown stingrays (Myliobatiformes) is younger than previously proposed (~90Ma), and more congruent with the oldest well-supported crown stingrays, which appear ~70 mya as part of a late Cretaceous pulse of diversification across elasmobranchs in general . In typical sharks this diversification was soon curtailed by the K-Pg extinctions, but rays and skates were less affected . The bolide impact more strongly affected surface (rather than benthic) food webs, by curtailing surface productivity and/or initiating surface acidification, though there is evidence for rapid ecosystem recovery (e.g. Alegret et al., 2012) . Intriguingly, the inferred age of the largest pelagic radiation of rays (myliobatids: Eagle and Manta Rays) coincides almost exactly with the K-Pg extinctions ( fig. 1) , consistent with immediate radiation of benthic K-Pg survivors into vacated surface ecospace. Within myliobatids, we estimate that mobulines (Manta+Mobula) split from rhinopterines only ~26 million years ago (Fig. 1 F) which is in agreement with other studies using similar calibration points (Aschliman et al., 2012a , Poorvliet et al., 2015 . This late divergence is not consistent with the placement of the genus Burnhamia (Palaeocene onwards) on the mobuline stem ; these fossils were attributed to the mobuline stem on the basis of one trait related to dental occlusion , and the possibility that they fall outside the mobulinerhinopterine split needs to be investigated.
Overall, these results suggest that the species richness of modern stingrays is attributable to both a late Cretaceous pulse followed shortly by survivorship of benthic forms across the K-Pg boundary, which would have enhanced opportunities for immediate subsequent diversification into vacated pelagic habitats. Table S1 . Voucher and GenBank accession number for all taxa included in the analysis. Specimens sequenced as part of our study are indicated.
